A plethora of dental materials are successfully used for partial dental tissue repair, while innovative dental implants are used for tooth replacement. Cell-based tooth regeneration is an attractive approach that complements traditional restorative or surgical techniques for replacement of damaged dental tissues. Recent efforts focus mostly on partial tooth regeneration for the treatment of diseases that commonly affect dental tissues. However, several attempts have been also made for the regeneration of entire teeth.
Tooth formation & regeneration
Teeth form as a result of sequential and reciprocal interactions between cells of the oral epithelium and neural crest-derived mesenchyme [1] . Cells of the dental mesenchyme that face the dental epithelium differentiate into the dentin-secreting odontoblasts. The presence of dentin is essential for the differentiation of dental epithelial cells into ameloblasts that synthesize the enamel. The beginning of tooth eruption into the oral cavity is accompanied by root growth, cementum matrix deposition and periodontium formation.
Stem cells, which are characterized by their potential to self-replicate and differentiate into a vast variety of cell populations [2] , are found in human teeth. Dental mesenchymal stem cells (DMSCs) have been isolated from different locations within deciduous and permanent teeth, and tested for their potential applications in regenerative dentistry (e.g., pulp and periodontium regeneration) [3, 4] . In contrast to DMSCs, identifying dental epithelial stem cells (DESCs) that are able to form enamel constitutes a major challenge, since most of dental epithelial cell populations disappear shortly after tooth eruption [1, 5] . It is thus obvious that any attempt to build a whole new tooth is extremely laborious, since tooth regeneration requires the association of both DMSCs and DESCs [5] [6] [7] . The current knowledge on DESCs has been obtained mainly from rodents, in which DESCs constitute the main source of cells for the renewal of the epithelium in their continuously growing incisors [2, 8] .
Dental mesenchymal stem cells
Stem cells were first isolated from dental pulp of human permanent and exfoliated deciduous teeth. Thereafter, DMSCs have been also identified in the apical part of dental papilla, the dental follicle and the periodontal ligament [7, 9] . Due to the lack of specific DMSC markers, generic mesenchymal stem cell markers such as STRO-1, CD146 and CD44 are commonly used for the identification of DMSC populations. Additional identification procedures that rely on the morphology, selective adherence properties, proliferation and differentiation potential and tissue repair abilities of these cell populations are in use [7, 10] .
Dental pulp stem cells (DPSCs) and stem cells from human exfoliated deciduous teeth are able to differentiate into odontogenic, osteogenic, chondrogenic, adipogenic, myogenic and neurogenic cells in vitro and in vivo [7, 9, 10] . Pulp-dentin tissues have been generated after ectopic transplantation of DPSCs [11] . Furthermore, clinical trials using autologous human DPSCs combined with collagen scaffolds for alveolar bone reconstruction have been successfully performed several years ago [12] . Stem cells from human exfoliated deciduous teeth proliferate very fast, but they have a limited capacity to form dentin-pulp complexes in vivo [7, 10] . Mesenchymal stem cells located at the apex of the developing tooth root (stem cells from the apical papilla) are highly proliferative, and exhibit increased migratory and regenerative potentials [7, 10] . Stem cells from the apical papilla have the potential to generate dentin in vivo, when transplanted on hydroxyapatite/tricalcium phosphate carriers. Periodontal ligament stem cells and stem cells from the dental follicle are able to form cementum and periodontal ligament tissues in vivo [7, 10, 13] .
Dental epithelial stem cells
One possible source of human DESCs is the third molar that develops late after birth. Another source of DESCs is the epithelium of the root that disintegrates into strands of epithelial cells (i.e., epithelial rests of Malassez) [14] . Given the limited knowledge on human DESCs, many studies on DESCs have been performed in the continuously growing rodent incisors [1, 2] . DESCs reside in a stem cell niche localized at the apical part of the incisor (i.e., cervical loop). Key regulatory molecules such as Sox2, p75 and Notch1 are involved in both maintenance and proliferation of DESCs.
Induced pluripotent stem cells
Because the source of human DESCs has not been solved, new technologies are required to obtain these cells. Induced pluripotent stem (iPS) cells have the capacity to differentiate into various cell lineages, and can be technically produced from patient's cells [15] . iPS technology can be progressively applied for the regeneration of dental tissues [16] . iPS cells are able to differentiate into ameloblast-like cells in the presence of ameloblastin expressing cells [17] . Also, iPS cells are capable of differentiating into mesenchymal odontogenic cells. iPS cells can form neurospheres in floating culture conditions using nonadherent Petri dishes. Further culture of neurospheres on fibronectincoated dishes allows their differentiation into neural crest cells. In presence of serum or dental epithelial cell medium, the neural crest cells start to express Pax9 and dentin sialophosphoprotein, which are markers of odontogenic mesenchymal cells and odontoblasts [18] .
Nanotechnology
The combination of stem cells with novel nanotechnology platforms holds great promise for applications in regenerative dentistry [10] . The development of nanomaterials could be useful in manipulating and tracking stem cells, gene and protein delivery and formation of artificial niches. Transplanted stem cells can be tracked in vivo for long-term periods with noninvasive imaging techniques [10, 19] . Furthermore, magnetic nanoparticles might bring information about stem cell kinetics and fate during dental tissue (e.g., periodontium, pulp) regeneration. Light-emitting nanocrystals (i.e., quantum dots) can be also used to monitor the dynamics of dental stem cell niches in real time. Nanotechnology could also create artificial particular dental microenvironments (e.g., apex of the root, pulp chamber) that will direct dental stem cells toward a precise fate and function [20, 21] , or could improve their survival, and 3D organization [22, 23] . These approaches are necessary to evaluate the therapeutic effects of the various dental stem cell populations when exposed to specific microenvironments before any clinical application.
Entire tooth regeneration
Regeneration of the entire tooth would be the ideal therapeutic approach after tooth loss. There are two main approaches in constructing an entire new tooth [2, 6, 24, 25] . The first consists in associating DESCs and DMSCs in vitro, where they can form a tooth germ that could then be transplanted into the alveolar bone, where the tooth germ will develop, erupt and become a functional tooth. The second approach consists in implanting into the jaw tooth-shaped polymeric bio degradable scaffolds that are filled with both DESCs and DMSCs that will finally give rise to a functional tooth. These approaches are mainly based on previous pioneer studies in mice, where recombination of embryonic dental epithelium and mesenchyme has been performed for in vitro or ex vivo tooth development [9] .
Recent experiments in mice have shown that it is possible to obtain functional teeth with roots and periodontal structures with these bioengineered approaches [25] [26] [27] [28] . Indeed, tooth germs formed by dental epithelial and mesenchymal cells seeded into collagen drops, which served as scaffolds, have been implanted in the mandible of adult mice and gave rise to new functional teeth. Formation of all dental tissues allows the eruption and full integration of the bioengineered teeth into the recipient alveolar bone.
The re-aggregation of iPS-derived neural crest cells and mouse odontogenic epithelial tissues is also able to generate entire teeth ex vivo [29] . Although the further "...a major issue in entire tooth regeneration is the unavailability of embryonic stem cells with odontogenic potential."
future science group
Regenerated teeth: the future of tooth replacement. An update Editorial technical improvements for enhancing iPS cell differentiation into odontogenic stem cells may be needed, the iPS technology is expected to open new horizons in regenerative dentistry. Hopefully, it will be possible in the near future to regenerate entire teeth using merely iPS-derived cells.
Such results have not yet been obtained with human cells, since a major issue in entire tooth regeneration is the unavailability of embryonic stem cells with odontogenic potential. Bioengineered teeth formed with human cells have been produced so far in ectopic sites and are still missing some essential elements such as a complete root and periodontal tissues.
Challenges of dental tissue regeneration
Important issues concerning timing of tooth development and eruption, dental aesthetics and tooth dimension have to be clearly addressed before transplantation of bioengineered tooth germs in patients. A great challenge in regenerative dentistry is the de novo formation of enamel in humans. DESCs are rare in adult human teeth, making thus necessary the identification of ESCs of nondental origin that will be able to differentiate into ameloblasts. Timing in tooth formation represents an additional major issue [5, 10] , since in humans the whole process of odontogenesis takes more than 10 years. Such a span of time is inappropriate in clinical practice and thus the entire process should be accelerated before it could be applied on humans. The tooth shape and size are additional essential parameters. It is extremely important to understand deeply how reciprocal signals between the various components of the teeth determine their type and shape, in order to obtain the desired tooth morphology.
Conclusion
Stem cell-based therapies are not yet applicable in dental clinics. These therapies necessitate thorough testing first in animals and then in humans. Nanotechnology offers a plethora of exciting perspectives to regenerative dentistry, and combined with stem cell biology might provide new, noninvasive, techniques for tooth regeneration. "A great challenge in regenerative dentistry is the de novo formation of enamel in humans."
